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Abstract
Oxidase enzymes have been used successfully in the analysis of several
biochemical species such as glucose, lactate, pyruvate, creatine, creatinine, amino
acids, cholesterol and sialic acid, by generating - in a single or consecutive reaction hydrogen peroxide (H2O2) as a signal molecule which is commonly detected
amperometrically. Some approaches have been also reported to use more than one
enzyme in a given system to achieve multi-analyte determination. This study aims to
evaluate a novel approach for n-analyte determination based on n-enzyme reactors
(each is loaded with one or more oxidase enzyme) as well as n-1 catalase
immobilized reactor. Therefore, a total of 2n-1 immobilized enzyme reactors (IERs)
will be used in the direct determination of n-analytes in a given sample injection
using a flow injection (FI) system equipped with n-channel amperometric detector.
Single sample injection would result in a tandem of n-peaks, the height of which
correspond to the concentration of present n-analytes, respectively. Developing the
needed multi-channel amperometric detector with two demanding requirements, i.e.,
small dead volume and high-pressure rating (≥40 bar) was also aim of the present
study. Two 4-channel amperometric flow cells for the screen printed electrodes
(SPE) and conventionally sized electrodes, were carefully designed, fabricated and
evaluated. Both channels proved suitable for 4-channel amperometric detection of
H2O2, however the cell of the conventionally sized electrodes was used in evaluating
the proposed analytical scheme based on IERs because of the stability and reusability
of conventional platinum electrodes. Finally, three IERs loaded with glucose oxidase,
lactate oxidase and pyruvate oxidase, respectively as well as two identical IERs
loaded with catalase وwere successfully employed to validate the proposed analytical
system. The obtained response showed three FIA peaks for samples containing
glucose, lactate and pyruvate without any sign of channel cross-talk. The described
system is a new effective way to achieve multi-analyte determination by flow
injection analysis. Special benefit will be for those important biochemical such as
bound-sialic acid which is converted into H2O2 by three enzymes which makes the
analysis susceptible to interference from indigenous related species such as free sialic
acid and pyruvate.

viii

Keywords: Multi-analyte determination, Amperometry, Flow-Cell, Flow-Injection
Analysis, Immobilized Enzyme Reactors, Sialic acid.
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)Title and Abstract (in Arabic

تطوير وتوصيف وتطبيق نظام سريان متعدد الكواشف المتتالية لتقدير العناصر المتعددة
الملخص

استخدمت سابقا ً إنزيمات األوكسيديز بنجاح في تحليل العديد من المواد الحيوية مثل
الجلوكوز والالكتات والبيروفات والكرياتين والكرياتينين واألحماض األمينية والكوليسترول
وحمض السياليك وذلك عن طريق توليد  -في تفاعل واحد أو أكثر – فوق أكسيد الهيدروجين
( )H2O2كجزيء مولد لإلشارة بطريقة التحليل األمبيرومترية .كما تم سابقا أيضا وصف بعض
األساليب الستخدام أكثر من إنزيم واحد في نظام معين لتحقيق طرق تحليل لمواد متعددة في
نفس العينة .تهدف هذه الدراسة إلى تقييم أسلوب جديد لتقدير عدد  nمن المواد باستخدام عدد n
من المفاعالت األنزيمية (كل منها مح ّمل بواحد أو أكثر من إنزيمات األكسيداز) باإلضافة إلى
عدد  n-1مفاعل محملين بإنزيم الكتاليز .لذلك ،سيتم استخدام ما مجموعه  2n-1مفاعل إنزيمي
في التقدير المباشر لـعدد  nمن المواد في عينة معينة باستخدام نظام حقن المستمر المجهز
بكاشف أمبيروميتري ذو عدد  nمن قنوات الكشف .قد نتج عن حقن العينة الواحدة عدد  nمن
اإلشارات ،التي يناظر ارتفاعها تركيز العدد  nمن المواد ،على التوالي .وكان من أهداف هذه
الدراسة أيضا ً تطوير جهاز الكشف األمبيرومتري متعدد القنوات الذي يحتاج إلى اثنين من
المتطلبات الصعبة ،حجم الفراغ الداخلي الصغير لتجنب تشتيت العينة بشكل كبير وكذلك تحمل
ضغط عالي (≥ 40بار) .تم تصميم اثنين من خاليا التدفق األمبيرميتري  -كل منها ذات قنوات
أربع إما لألقطاب الشريحية المطبوعة أو األقطاب الكهربائية التقليدية على الترتيب -وتصنيعها
وتقييمها .وقد أثبتت الخليتان أنهما مناسبتان للكشف عن تركيزات  ،H2O2ومع ذلك استخدمت
خلية األقطاب الكهربائية التقليدية في تقييم النظام التحليلي المقترح على أساس ثبات إشارة
االستجابة وإمكانية إعادة استخدام إقطاب البالتين التقليدية .وقد نجحت اختبارات ثالثة مفاعالت
محملة بأكسيداز الجلوكوز ،وأكسيداز الالكتات ،وأكسيداز البيروفيك ،على التوالي ،باإلضافة
إلى اثنين من مفاعلين متطابقين محملين بالكاتاليز في التحقق من صحة النظام التحليلي المقترح.
وأظهرت االستجابة التي تم الحصول عليها ثالث إشارات متتالية للعينات التي تحتوي على
الجلوكوز ،الالكتات واليبروفات دون أي عالمة ملحوظة على التأثير البيني لقنوات الكشف.
النظام الذي تم توصيفه هو طريقة فعالة جديدة لتحقيق تقرير متعدد التحليل عن طريق تقنية حقن
المستمر وخصوصا للمركبات الحيوية الهامة ،مثل حمض سياليك المرتبط ،الذي يتم تحويله إلى
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 H2O2بواسطة ثالثة إنزيمات ،مما يجعل التحليل قابالً للتداخل من المركبات ذات الصلة
الموجودة بالعينة مثل حمض السياليك الحر أوالبيروفات.
مفاهيم البحث الرئيسية :تحليل حقن التدفق ،أقطاب الشرائح المطبوعة ،مفاعالت األنزيم
المثبتة ،حمض السياليك ،النسخة المحمولة من نظام التدفق التحليلي.
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Chapter 1: Introduction
1.1 Overview
Sialic acid (Figure 1) is basically from the family of neuraminic acid.
Specially the nitrogen and oxygen substituted derivative of neuraminic acid. Sialic
acid consists of nine carbons and is a sugar molecule having acidic nature. Neu5Ac
or N-acetylnuraminic acid is the most common sialic acid although sialic acids have
many derivatives. Though the reason is unknown the changes occurs at 7TH, 8TH, 9TH,
4TH carbon of hydroxyl group or 5TH carbon in the molecule [1]. Sialic acid is found
at the terminal part of sugar chain in the cell surface of the vertebrates. Also, it is
seen in body fluids as well [2]. The occurrence of sialic acid in prokaryotes and
plants are rare but some bacteria consists huge amount of sialic acid in their capsular
polysaccharides. The highest concentration of sialic acid is found in the central
nervous system of mammalians [3]. Sialic acid carries negative charge and has
hydrophilic nature [4]. Sialic acid is highly associated with the lipid and protein
content in the cell membrane. Sialic acid has huge significance in physiology and as
well as in different clinical process. Sialic acid has important role in the growth and
development of nervous system in infants [2]. Not only that but also it makes many
necessary changes during pregnancy. It is also part of cervical mucus which creates
protective measures in reproductive tract [5]. Sialic acid is also associated with
Erythropoietin (EPO) and its functions [6]. Now along with taking important part in
physiological functions sialic acid is also used as biomarker. Sialic has most
abundant use in medical industry with its biomarker virtue. Sialic acid takes an
important part in the growth of tumors and onset of malignancy [7]. Even in other
disease along with cancer sialic acid shows change in serum level predicting the
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disease. Due to huge significance in physiology and clinical world sialic acid has
become an interesting topic of research.

Figure 1: Chemical structure of the most common (N-acetylneuraminic acid) sialic
acid

1.1.1 Physiological Roles of Sialic Acid
Sialic acid is an organic compound having huge significance in biology. This
is since Sialic acid is a major component of the sugar chain which is associated with
the lipid and proteins at the peripheral region of the cell. Sialic acid is capable to
bring about various physiological and pathological procedures [4]. This is because of
its hydrophilic nature and negative charge of the compound. Due to the presence of
negative charge, Sialic acid can create a repulsive force which prevents the unwanted
reactions by the cell in circulatory system. With the capability to determine the halflife of glycoproteins Sialic acid has become an important part of pharmaceutical
industry [2]. Sialic acid takes part in immunity system of body as well. This is due to
the reason that it is present in the cell membrane and is spread widely. Sialic acid
content of neuro cells is appreciably higher than other cells of human physiology.
Sialic acid has very important role in the development of the human brain at the
infant stage. Sialic acid is basically an important component of poly-sialic acid chain
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and gangliosides of the brain which are closely related with the modification of
NCAM or neural cell adhesion molecules [2]. The NCAM has a significant role in
memory development, cell reactions, neural growths, development of synaptic
pathway and so on. Sialic acid has high content in mammalian breast milk and has
antibacterial actions. Not only that but also it is already known that sialic acid is
associated with glycoproteins where are glycoproteins part of cervical mucus. This
mucus has great significance in reproductive organs and its functions such as
protecting reproductive tract of female from bacteria, controlling sperm migration,
controlling secretion and so on [5].
1.1.2 Sialic Acid as a Biomarker
Biomarkers have huge significance in clinical procedures and research work.
Biomarker can be defined in different ways. But in simple approach, Biomarkers are
those substances which are capable of providing a measure of certain biological
condition of body. The condition can be pharmacologic, pathogenic or normal
biological process [8]. Biomarkers are basically easy to measure, and their measure
can indicate presence of disease or probability of onset of disease in the body.
Sialic acid can act as a biomarker for the tumors. Tumors are basically
unwanted which affects nearby cells and may damage the blood vessels depending
on its nature. Sialic acid being a part of cell membrane can act as biomarker for
them. For better understanding a real example can be considered. Now in case of
cancer, the malignant cells are seen to be behaving in a different way than other cells.
In the different stages of carcinogenic activity those cells secret materials, increase
turnover and so on. A study showed that in case of oral cancer or oral disorders with
malignant cell features, sialic acid level gets increased and the sialic acid type of
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glycoprotein get exposed in the circulatory system

[9]. Therefore, by the

measurement of sialic acid in saliva, this medical condition can be determined and
hence it is evident that sialic acid is a biomarker.
Now, further to evaluate sialic acid importance the statistics of cancer around
the globe and specially in UAE should be investigated. According to a study by
World Cancer Research Fund International in the year 2012 the number of people
who were diagnosed with cancer was nearly over fourteen million around the world
[10]. In UAE, cancer is one of the most important cause of death of citizens. In the
year 2014 the Heath Department of Abu Dhabi reported 1768 new cases of cancer
[11]. In the year 2015 four hundred and twenty-seven deaths were caused by cancer
in Abu Dhabi. In 2012, around four thousand and five hundred cancer cases were
reported in Abu Dhabi [12]. Also, a recent report by World Health Organization says
that the rate of cancer disease will increase so much that it will become double the
rate at the present in the middle east countries [13]. So, the statistic gives away to the
fact that the rate of cancer is alarming and anything that contributes to the diagnosis
or treatment of the disease should be given enough importance, making Sialic acid
more important in medical industry.
1.1.2.1 Sialic acid as a cancer biomarker
Sialic acid can act as biomarker. Various researchers found that increased
level of sialic acid facilitates the growth of tumor cells. Sialic acid facilitates
metastasis during cancer [14]. Metastasis is basically the mechanism by which the
cancer cells comes into the circulatory system from the source spreading the disease
in other parts of the body. So, by restricting the sialic acid there are great chances of
cancer treatment. There are some parameters associated with sialic acid levels which
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can be measured, and those measurements can give away the conditions regarding
malignancy. During cancer, huge amount of glycosylation is found in serum. It is
seen that during these times the TSA and LASA levels get altered in an abnormal
way for cancer patients. The LASA is the measure of lipids that are associated with
sialic acid whereas TSA gives the measure of both the proteins and lipids that are
associated with sialic acid in plasma. Then there is another parameter called TP total
protein which can be measured in serum. The value of LASA, TSA and TSA/TP are
seen to be increased in every type of cancer. Now in case of gastrointestinal cancer
and breast cancer the TSA/TP values are more sensitive than TSA or LASA. But in
case of lung cancer all the three value shows high sensitivity [7]. In electrochemical
cytosensor the content of sialic acid can be determined by employing nanoprobes and
Au@BSA [15].
Sialic acid is an important part of serum or plasma and many lipid, protein
and carbohydrate chains are attached with it. This has huge significance growth of
tumer and during developments of cancer. As a result, different parameters of Sialic
acid when measured gives away information about cancer or malignancy in the body
making itself highly important in medical science as a biomarker.
1.1.2.2 Sialic acid as a marker for other diseases
Sialic acid is related to some brain disorders. Polysialic acid is closely related
to NCAM or neural cell adhesion molecule which deals with synaptic plasticity,
adhesion among cells and neural outgrowth. The function of brain is highly
associated with it. The abnormal level of Polysialic acid and NCAM or any
abnormality of synthesis of these may cause problem in the brain functions and lead
to pathogenic conditions as well. A study found that in case of schizophrenia the
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level of polySIA-NACM serum becomes appreciably higher. And it is found that
sialic acid level is also associated with Alzheimer’s disease.
The sialic acid level also may predict the existence of cardiovascular disease.
This is due to the fact that the Sialic acid level is capable of indicating atherosclerotic
procedures which are the main reasons for strokes and heart disease. In case of high
level of sialic acid there are chances of cardiovascular disease and coronary heart
disease [16]. The serum sialic acid level can predict these conditions and as a result
is useful for determination of these disease. Sialic acid is a significant component of
the cell membrane of vascular system. Increased level of sialic acid provides the
information about the occurrence of type-II diabetes and other microvascular issues
in the body [17]. It was found that in case of chronic renal failure and renal diseases
like chronic glomerulonephritis, the TSA and LASA levels gets increased in
significant amount [18]. The sialic acid present in breast milk and maternal serum
has a positive effect of the mental and psychological development of infants and so it
is obvious abnormal presence of sialic acid can cause abnormality for pregnant
woman and development of infants [19].
1.1.3 Sialic Acid and Erythropoietin
Erythropoietin or EPO is related to the formation of red blood cells in bone
marrow and this process is called erythropoiesis. EPO controls erythropoiesis and
acts as a regulator of hormones. Along with erythropoiesis EPO has many more
physiological actions. EPO has various effectivity in different cells in the body such
as heart cells, kidney, pancreas, reproductive system, gastrointestinal system,
nervous system, renal system, endothelial cell, stomatal cells of bone marrow and
others. EPO has role in development of central nervous system and cardiac system.
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In fact, it has connection with increase in the memory of learning [20]. Another most
important effect of EPO is that it has role in development and growth of tumor cells.
EPO was used in the treatment of cancer related anemia. EPO is produced in kidney
and it also has protective effects towards organs. This protective nature includes the
prevention in death of cell, recovery measures, prevention of removal of important
substance and catalytic behavior in the reformation of cells. For this reason, EPO is
significant for the treatment of severe injury of kidney [21]. But it was found that
these treatments initiated other cardiac disease in the patients. The Figure 2 shows
the different actions of EPO.

Figure 2: Different actions of EPO

Sialic acid has an interesting connection with EPO. Sialic acid is a part of
carbohydrate content of EPO. The presence of sialic acid in EPO helps in its
function. The sialylation of recombinant EPO increases its efficiency in therapy.
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Because sialylation of glycoproteins can enhance their in-vivo half-life in circulation
system providing it more time for its action [6].
1.2 Statement of the Problem
Little literature is available on the amperometric determination of sialic acid.
A prototype biosensor as well as an FIA system were previously published [22]–[24].
However, none of the previous reports addressed the potential interference by the
relevant chemical species to the enzymes used in those systems. In other words, a
biosensor for bound sialic acid is constructed from three enzymes, i.e., sialidase,
sialic acid aldolase and pyruvate oxidase. The actions of these enzymes are as
follows:
𝑆𝑖𝑎𝑙𝑖𝑑𝑎𝑠𝑒

𝐵𝑜𝑢𝑛𝑑 𝑆𝑖𝑎𝑙𝑖𝑐 𝐴𝑐𝑖𝑑 →

𝑆𝐴−𝐴𝑙𝑑𝑜𝑙𝑎𝑠𝑒

𝐹𝑟𝑒𝑒 𝑆𝑖𝑎𝑙𝑖𝑐 𝐴𝑐𝑖𝑑 →

𝐹𝑟𝑒𝑒 𝑆𝑖𝑎𝑙𝑖𝑐 𝐴𝑐𝑖𝑑

[1.1]

𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 𝑛 − 𝑎𝑐𝑒𝑡𝑦𝑙 − 𝐷 − 𝑚𝑎𝑛𝑛𝑜𝑠𝑎𝑚𝑖𝑛𝑒

[1.2]

𝑃𝑂

𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 𝑃𝑂43− + 𝑂2 → 𝑎𝑐𝑒𝑡𝑦𝑙𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 + 𝐶𝑂2 + 𝐻2 𝑂2

[1.3]

Similarly, a biosensor for free sialic acid is constructed by the coimmobilization of SA-Aldolase and Pyruvate Oxidase. Therefore, it is expected that
a biosensor of bound-sialic acid would exhibit response to free sialic acid as well as
to pyruvate in addition to the bound sialic acid. Also, a sialic acid biosensor would
respond to pyruvate in addition to the sialic acid.
To address this problem, a new flow injection analysis (FIA) system was
proposed to achieve simultaneous determination of the biochemicals involved as
substrates in serial enzymatic reactions similar to those described in equations [1.1][1.33] [25]–[27], despite of the potential interference. The proposed system was
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based on (2n-1) immobilized enzyme reactors (IERs) and n-channel amperometric
detector connected in series. The proposed scheme would generate a tandem of npeaks corresponding to n-components in a single injected sample.
To achieve such ultimate goal, several challenges have to be addressed. These
include: (i) develop a multi-channel amperometric detector with two strict and
demanding requirements (a) minimum dead volume to avoid sample dilution upon
flowing from one detector to the next and (b) leak tight cell body that can take 25
bars; (ii) to custom fabricate leak-tight IERs; (iii) to decide on the most suitable
electrode for amperometric hydrogen peroxide detection; (iv) to keep the
complication of the overall system to the minimum to promote its applicability.
1.3 Relevant Literature for the Analytical Methods for the Determination of
Sialic Acid
With huge physiological and pathological significance of sialic acid and
specially its virtue of predicting severe diseases like cancer, it has become very
important to look for efficient estimation process for this organic acid.
1.3.1 Colorimetric Assays
1.3.1.1 Orcinol Method
Sialic acid in orcinol method is estimated with the addition of ferric ions.
After that sample is heated and amyl alcohol is added to it at normal temperature.
After cooling it, the sample is kept on ELISA plate for optical ELISA analysis and
further by plotting calibration curve estimation of sialic acid is done [28].
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1.3.1.2 Resorcinol Method

In the resorcinol method, the results were obtained spectrometrically after
treating the heated sample with amyl alcohol. In general, it is done by the help of
hydrochloric acid and resorcinol reagent. But after that the standard method was the
application of periodate with resorcinol reagent. Recent studies found that use of
Technicon Autoanalyzer II in the standard method can be helpful. This method is
generally employed for bound sialic acid [29].
1.3.1.3 Periodic/thiobarbiturate method
This is a common method for determination of sialic acid where hydrolysis is
done of the complex carbohydrate at the eighty-degree centigrade temperature for
sixty minutes [30]. After this hydrolysis periodic acid is used as oxidizing agent in
order to get free sialic acid from formyl pyruvic acid. The sialic acid then reacts with
thiobarbiturate fi to produce red chromophore which shows an absorption maximum
at the wavelength 549 nm.
1.3.1.4 Other Colorimetric methods
The above-mentioned methods are mainly used for sialic acid estimation. But
recently a study found other techniques involving the nanoparticles of gold which
was modified with the help of 3-aminophenylboronic acid (3-APBA). Phosphate
buffer is also used here. After doing the colorimetric assay process, calculation is
done from absorption spectra [31].This technique has shown to be quick and
simple.
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1.3.2 Fluorometric Assays
A new kind of fluorometric method has been established for the
determination of sialic acid. Synthetic N-propionylneuraminic acid (NPNA) was
added to sialoglycoconjugate sample followed by hydrolysis with diluted sulfuric
acid and the product was converted into fluorogenic substance by applying DMB
which was subjected to proper HPCL chromatographic analysis and the resultant
fluorogenic NPNA compound was obtained [32]. This method was employed to
know the sialic acid content of human apolipoprotein E. To understand this process,
it is important to know about HPCL or High-pressure liquid chromatography.
Though HPLC is a separation process it is highly related to electrochemistry. HPLC
is basically an electrochemical method with high hydrolytic pressure which was
initially known to be a process with various difficulties and it was thought that it may
face issues like non-existence of data during its use in biological cell [33]. But in
spite of the various difficulties the high-pressure technique with electrochemical
measures was proven to be successful in various fields of measurement. The pressure
control must be perfect according to experimental condition and also the pressure
chamber and electrochemical cell must be covered hermetically for the proper
working of the set-up [34].
1.3.3 Enzymatic Assays
Different enzymatic assays are obtained for determination of sialic acid.
Generally, the co-action of the two enzymes pyruvate oxidase and Nacetylneuraminic acid aldose leads to the formation of hydrogen peroxide which can
be analyzed by amperometric device [35]. Also, it can be treated with dye having
chromophoric part for further analysis with spectroscopic process.
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1.3.4 Chromatographic Methods
There are different chromatographic methods to analysis sialic acid. Some of
them will be discussed below.

Sialic acid is strongly related to glycoprotein and its analysis are highly
important for different medical causes. Anion exchange chromatography is a known
and rapid procedure for this analysis of glycoprotein. This process is rapid due to the
fact that the anion exchanger used here is of high efficiency. Not only that but also
this process is based on the principle of pulse amperometric detection. In this
technique the two types of sialic acid which are Neu5Gc and Neu5Ac are separated
on a column containing ion exchangers which can act efficiently in short period of
time [36]. The benefit of this technique is that the results obtained here are equivalent
in terms of efficiency and accuracy with the results which are obtained from the
other techniques. Also, this technique is less time consuming.

Another method was tested for analysis of sialic acid in chromatography
which was successful. In this method liquid chromatography was used along with
application of mass spectrometry. The whole process took nearly ten minutes which
is quite good based on time aspect. This process had three steps which were
hydrolysis, liquid chromatography and the application of mass spectrometry. HPLC
capillaries were used in the liquid chromatographic process. The chromatographic
process was done in forty-degree centigrade temperature and the outlet of the
chromatographic column was connected to the mass spectrometer. In the
spectrometer nitrogen gas was being flown and electrospray ionization process was
done on the product which was obtained from liquid chromatography. The mass
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spectrometer was being operated in SIM mode or selected ion monitoring SIM mode.
By this method separating the content of N-glycolylneuraminic acid and Nacetylneuraminic acid was possible [37].

There is yet another chromatographic technique which can be employed for
the analysis of free sialic acids. The benefit of the thio-barbituric acid TBA method is
that it is reproducible and can be used for quantitative analysis of sialic acid. Here
periondic acid works as oxidising agent to oxidise the sialic acid which is obtained
after the pre-column tagging by thiobarbituric acid. Later its derivatives are
generated with TBA to form red complex. At last monolithic column is used for the
separation of sialic acid within the period of ninety seconds [38].

1.3.5 Determination of Sialic Acid by Chemical Sensors and Biosensors
Chemical sensors are generally used in analytical methods. Chemical sensors
have huge significance in various fields. It is a type of substance or device which is
capable of converting certain chemical or physical information into an analyzable
signal. Biosensors are devices which are capable of analyzing biological information.
Now considering the huge significance of sialic acid in physiological function
and medical industry, it is important to look into more techniques of estimation of
sialic acid. The reason is that estimation of sialic acid, can give information about a
large number of complicated diseases. Along with analytical methods, chemical
sensors and biosensors can be employed for the determination of sialic acid.
Prototype Amperometric biosensor can be employed for the estimation of
sialic acid. This is made up of co-fixation of two enzymes. The enzymes are pyruvate
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oxidase and N-acetylneuraminic acid aldose. The estimation method is based on the
principle that both the enzymes work in a certain arrangement to produce hydrogen
peroxide which further is detected with an electrode made up of platinum [35].
Another study found that electrochemical cytosensor has the capability of
estimating the sialic acid with efficiency. This type of sensor is made of threedimensional structure having micro sized interface. This has been employed mainly
in the cancer cells to find the level of sialic acid. based on the molecular recognition
between Ambucus Nigra Agglutinin SNA and SA. [39].
So, it is evident that different chemical sensors and biosensors can be
employed successfully in order to estimate the sialic acid content in serum and more
invention regarding this matter will be profoundly helpful in the estimation of sialic
acid and determination of different health conditions.
1.3.6 Biosensors
At present time, biosensors have huge significance in various fields such as
clinical diagnosis, researches of biology, drug industry, public health, ecological
monitoring and others. But biosensors are basically chemical applications which are
mainly concerned with clinical analysis. This is highly developed technology which
is both cash effective and simple using biological elements. Depending on the
location of biosensors it can be divided into different categories. First is on-line
biosensor where the biosensor is fixed with the line of product to analyze the product
continuously. Second is at-line biosensor where even in absence of continuous
production biosensor can analyze the substance. Third is in-vitro where the biosensor
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is located outside the living system and fourth one is in-vivo where the biosensor is
located within a living system [40].
In general, a basic biosensor consists of two parts. Frist is a bioreceptor and
the second one is a transducer. The bioreceptor is a biological substance which
recognizes the presence of the certain element which is to be analyzed and the
transducer is a physiochemical unit which converts that specific element into a
measurable signal [41]. There are many types of biosensors, Such as conductimetric
biosensor, potentiometric biosensor, optical biosensor, resonant biosensor, thermal
biosensor, amperometric biosensor and so on.
Recently, a study revealed the successful estimation of sialic acid prototype
amperometric biosensor in which two enzymes, pyruvate oxidase and Nacetylneuraminic acid aldolase were used in a sequential manner on a membrane
having microporous characteristics. The action was collected in platinum electrode
and by the analysis of that estimation was done [35].
Another application of biosensor is reported recently, where a photo-thermal
biosensor was used for the quantitative determination of sialic acid. In this mithod
hemoglobin molecules on erythrocyte within the biosensors are supposed to absorb
the photon of a certain wavelength which could be converted into temperature data
and that would give the final quantitative result which could be useful in cancer
research [42].
1.3.6.1 Enzyme Immobilization
Immobilized enzymes mean enzymes which are fixed or restricted in a certain
location and taking part in a continuous process of catalyzing biological functions
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and their catalyzing capability can be retained over the time. In simpler words,
enzymes are attached to certain substance which effects the substance activity such
as the catalytic property, thermal resistance, acidity and so on are changed in such a
way which is preferable for a certain function. Enzyme immobilization has become
significant due to its contributions in various process of medical diagnosis, industrial
work regarding biology, construction of biotechnological tools, biosensors and many
more [43]. The enzyme immobilization is preferred process due to its superiority
over the soluble enzymes. At the beginning one enzyme immobilization was used but
with advancement of time immobilization techniques involving two enzymes are
being employed in various fields. There are various techniques of enzyme
immobilization, which will be further discussed below in order to get a better idea
about the topic.
1.3.6.1.1 Adsorption
The most common technique for enzyme immobilization is adsorption
technique. In this technique the adsorption takes place on the surface of biosensor
with the help of electrostatic, hydrophobic-hydrophobic interaction or the Vander
Waal’s force of attraction. This process is easy to do and is financially less
expensive. In adsorption technique the enzyme is made soluble in certain solution
and is kept in contact with the adsorbing surface under specified conditions which
compliment, the activity of that specific enzyme. But this technique is less resistant
in case of change in temperature, acidity or other changes in ionic nature of medium
and anything and may get depleted. This is due to the reason that the enzyme bound
to the substance surface here is with the help of weak physical forces [44]. Also, the
adsorption is non-specific. So, it is less appropriated for use in biosensors. But the
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advantage of this process is that it does not affect the efficiency of enzyme. There
are, various processes of adsorption. Such as physical adsorption, electrostatic
binding, layered adsorption and so on.
1.3.6.1.2 Gel entrapment
Gel entrapment refers to the method of restricting enzyme at a certain
location generally within fiber or gel surface by the means of covalent or noncovalent bonding [45]. This entrapment prevents the enzyme to come in direct
contact with the support interface. In this method the product and substrate is mobile
and enzyme remains caged within the gel or fiber. In spite of the physical static
condition of enzyme the method makes sure that it does not prevent the chemical
activity of the enzyme. At first the enzyme is made soluble in certain monomeric
mixture and then it is polymerized in such a way that the enzyme gets entrapped
within the structure. The stability of enzyme is very high in this method and
providing right reaction condition within the enclosure is easy [44].
1.3.6.1.3 Covalent attachment
Covalent bonding is another important and common technique of enzyme
immobilization. This method is based on the principle that the enzyme and matrix of
support are taken in such a manner that a considerably stable chemical complex is
formed between the support surface and the functional group of enzymes. But in this
case, the complex should not alter the enzymatic actions of the enzyme. Generally,
the functional groups used for the complex formation by the enzymes are amino
acids such as lysine, histidine, arginine, aspartic acid and so on. This observation
shows that the functional groups that take part in complex formation are generally
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carboxylic acids, amino group and so on. Also, when the surface matrix used in
complex formation contains peptide chain the stability increases and also action
becomes more specific [45].
1.3.6.1.4 Crosslinking
This method is based on the intermolecular cross-linkage between the
enzyme and support interface. The cross-linkage obtained is three dimensional. For
initiating the cross linkage between support interface and enzyme proper chemical
agents are used to form the linkage. Crosslinking enzyme immobilization can be
done in two ways. Cross linking enzyme crystal (CLEC) and cross liking enzyme
aggregate (CLEA). But for both the method cross linking reagent is essential.
Normally glutaraldehyde is used as the reagent. But it has been reported that this
reagent may affect the enzyme activity. Not only that but also it makes
conformational alteration in enzyme. In order to avoid this inconvenience, some inert
proteins are added in the medium with glutaraldehyde, such as gelatin, bovine serum
albumin or BSA and so on [44]. Crosslinking method is irreversible in nature.
1.3.6.2. Interference to a biosensor response
The biosensors are employed to detect a specific substance with the help of
biochemical reaction or any other cell interaction or specific physiological function.
But during this process it is observed that the biosensors face the problem of
interference of other unwanted substances of different molecular weight [46]. In
basic biosensors there are two parts. First one is the bio-recognizer and the second is
transducer and this is further connected to a device of certain measurement skill. The
unwanted material or storage of surface-active elements on the surface of the
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biosensor can affect its sensitivity to respond. The electrochemical sensors are seen
to be suffering from these interference issues. To solve this problem different
membranes to avoid the interfering materials can be used judging the chemical
nature of those substances in order to restore the normal and efficient response of
biosensor.
1.3.7 Flow Injection Analysis and its Applications
Flow injection analysis is a technique with continuous flow of the sample in
carrier solution. It has been used in various fields, some of which will be discussed
below. For the determination of hydrogen peroxide, flow injection amperometric
system has been used. In this set up different nanoparticles of metals are used on the
carbon nanotube in order to increase the sensitivity of hydrogen peroxide and a
home-made flow of cell is used where simple injection amperometry is employed for
analysis [47]. Phosphate estimation has been reported using flow injection technique
by employing carbon black modified electrode containing nanoparticles. The
principle is based on the reduction of the complex on electrode which is formed by
the reaction of molybdate and phosphate [48]. Flow injection technique has been
employed to estimate the amount of choline in milk. In this estimation process at first
glutaraldehyde coupled a immobilized enzyme reactor of choline oxidase on pore
glass beads which was modified by aminopropyl and it was employed on a flow
injection set up. The flow injection system is basically amperometric sensor of free
hydrogen peroxide and is made up of platinum surface [49]. Flow injection technique
can be employed in the estimation of hydrogen peroxide from rain water by
amperometric method along with the assistance of enzyme reactor [50].
Amperometric flow injection analysis can be employed in the determination of
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glycerol content in alcoholic beverages. Here enzyme reactor is used and as enzyme
glycerol dehydrogenase is employed in this method [51].
Freshness of fish is determined by employing ampherometric flow injection
technique [52].This technique can be useful in the estimation of diamines. Specially
putrescine, diamine oxidase and cadaverine [53]. Few applications of flow injection
technique are mentioned but it is evident that flow injection technique has huge
amount of applications.
The concept of flow injection technique came into the view of scientists in a
major way in the year 1974 in a university of Brazil when there were performing
experiments on the application of nuclear energy in agricultural field. But in the
1970s this technique started to get published in different journals of scientific world
[54]. The complete computer-based technique was made to action in the year of
1980. With advancement of time more and more development is being made
considering its wide range of utility.
Flow injection analysis is basically a physio-chemical kinetic mode of
analysis. If we try to explain it in simplest manner, then at first the injection is made
for the sample which is inserted into a carrier flow which is directed to the detector.
Now the detector responses based on a specific situation, such as the sample
may react with the carrier or may not react which effects the kinetics of the process
and according to it the detector responds [55] as shown in Figure 3.
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Figure 3: Typical FIA setups based on soluble reagent (A) and immobilized reagent
(B)

1.3.7.1 Applications of FIA
Flow injection technique has huge applications in the field of marine
sciences. This technique can be employed to find out the sulphate content, amount of
different nutrients in sea water. By using advanced technique phosphate, silicate,
sulfur compounds can also be estimated in sea water [54]. Also, by employing
fluorescence spectroscopy detection in flow injection technique the content of zinc in
sea water can be estimated [55]. The dissolved iron content in the sea water can also
be determined by employing this technique. Flow injection analysis rabid, simple and
well established technique used in various fields.
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Chapter 2: Experimental Work and Set-up
2.1 Reagents and Materials
N-acetylneuraminic acid aldolase (NANAA) from microorganism (24.3
U/mg, EC 4.1.3.3), pyruvate oxidase (POx) from microorganism (10 U/mg, EC
1.2.3.3), glucose oxidase (GOx) from Aspergillus (276 U/mg, EC. EC 1.1.3.4),
lactate oxidase (Lox) from microorganism (97 U/mg, EC 1.1.3.2) were received as
lyophilized powders from Sorachim (Swiss). and neuraminidase (EC 3.2.1.18) from
microorganism (71.8 U/mg). Catalase (CA) from bovine liver (2000 -5000 U/mg, EC
1.11.1.6), fetuin (FT) from fetal calf serum, glutaraldehyde (GA) (50% w/w in H2O),
ascorbic acid, hydrogen peroxide (30% w/w) were received from Sigma. Nacetylneuraminic acid (Neu5Ac) was purchased from Toronto Research Chemicals
(Canada). D-(+)-Glucose, acetaminophen, potassium permanganate and sodium
hydroxide were received from Sigma-Aldrich. L-lactic acid (sodium salt) was
received from Acros Organics. Pyruvic acid (sodium salt) was received from Merck.
3-Aminopropyl functionalized silica gel (40-63 µm, 1 mmol/g NH2 loading) and mphenylenediamine were received from Aldrich. Amino functionalized silica gel
spherical (110 Å pore size) 40-75 µm and 75-200 µm, respectively were received
from Supelco. Sodium hydrogen phosphate and sodium dihydrogen phosphate were
received from Daejung (Korea). Sodium Chloride was received Panreac (Spain).
Electroplating Cleaner solution, platinum plating solution and Mpu Fine polishing
solution were received from SPA Plating Ltd. (UK).
Enzyme solutions were prepared immediately before being used in 0.1 M
phosphate buffer (pH 7.0). Glucose, lactate, pyruvate and SA stock solutions in 0.1M
phosphate buffer (PB) were prepared freshly every 3 days and stored in refrigerator
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at 4 oC when not in use. All chemicals were used without further purification and all
solutions were prepared using deionized water.
Screen Printed Electrodes (SPE) (models DRP-220BT, DRP-220AT, and
DRP-550) were received from DropSens (Spain). Platinum rods (99.95%, 1.6 mm
dia, 10 mm) were received from SurePure (USA). PEEK rods (16 mm dia) and clear
acrylic

sheet

(30

mm

thickness)

were

received

from

the

plasticshop

(https://www.theplasticshop.co.uk/) (UK). Silver wire 99.99% (1.3 mm dia) was
received from Amazon.com. Spring loaded connectors were received from
Aliexpress.com. Clear acrylic sheets (15 and 20 mm thickness) were received from
SignTrade (UAE). Thin epoxy (EpoThin) was received from Buehler. 5-min epoxy
(Devcon) and EpoPutty (Alteco) were purchased from the local market. Finger tight
PEEK Fittings and PEEK tubes (1/16” OD, 0.5 mm ID) were purchased from VICI
(Switzerland). Fitting and nuts (different models) were purchased from Kinesis
(UK).
2.2 Fabrication of the Flow Cells
2.2.1 Fabrication of a 4-Channel Flow Cell for Screen Printed Electrodes
The flow cells were custom built using the miniTron D-23 Desktop CNC
(Computer Numerical Control) router machine (Figure 4) (CanCam, Canada). The
CNC utility Vectric software (Version 9.0) was used to draw the cells and to generate
the G-codes for the CNC router to machine the desired parts.
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Figure 4: D-23 Desktop CNC router machine

The cell was designed to fit DropSens-Metrohm SPEs (10 mm width x 34 mm
height). The cell was similar in principle to the single-channel flow cell commercialized
by DropSens-Metrohm but on a 4-channel platform. Several construction modifications
were also introduced. These include: (i) larger O-ring dimensions (i.e., 9 mm ID x 15
mm OD); (ii) the 1/16”-28 inlet/outlet fittings were replaced with 1/16-32 fittings; (iii)
replacing hinge-magnet mechanism with stainless steel bolts and stainless nuts
(theinsertcompany.com, UK) hold tightly the lower and upper parts of the flow cell; and
(iv) replacing the DropSens-Metrohm connection cable with spring loaded connectors
(Aliexpress.com). The cell design and dimensions of the 4-channel base and the
individual cell covers are shown in Figures (5, 6, 7 and 8).
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The assembled cell is shown in Fig. 9 with 1/16” PEEK tubings (0.5 mm ID)
connecting the 4-channel in series. The details of the cell geometry in the vicinity of the
SPE is shown in Figure 10.

Figure 5: The base design and construction of the 4-Ch SPE. (A) The top view
designs and dimensions; (B) A photo of the acrylic base showing the cavities for the
SPEs and the holes for SS bolts and (C) A photo of the base with 4 SPEs installed in
their designated cavities
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Figure 6: The design of the individual cell cover. (A) The detailed dimension of the
cell cover; (B) Vertical cross section of the cell cover showing the geometrical
details of the cell dead volume, the O-ring cavity and the outlet channel and outlet
fitting (the inlet channel and fitting was omitted for clarity of presentation); (C) The
dimension of the hole base to fix the cover the machine the outlet cavity

Figure 7: The individual cell cover. (A1) the top layout drawing; (A2), a top view
with the O-ring installed; (B1) the bottom layout drawing and (B2) a bottom view of
with O-ring installed
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Figure 8: Assembly of the cell cover. (A) the spring-loaded connector welded to
three individual copper wires; (B) the welded spring-loaded connector installed in its
cavity; (C) the top view of the cell cover with (SLC) fixed with Epo-putty epoxy and
(D) bottom view of the assembled cover

Figure 9: The assembled 4-Ch SPE cell with the four-channel connected in series
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Figure 10: Geometric details of the assembled cell. (A) Front view and (B) side view
showing the cell dead volume, inlet/outlet connections, O-ring and the SPE

2.2.2 Fabrication of the Working-Counter Combination Electrode
To simplify the construction of the flow cell, a working-counter electrode
combination electrode body was suggested. The electrode body was machined from
PEEK rod (16 mm dia) as shown in Figure 11. A Stainless steel cylinder (16 mm
OD, 7 mm ID, and 4 mm height) was machined and snugly fitted into the PEEK
electrode body as shown in Figure 11-A served as the counter electrode. A platinum
rod (1.6 mm dia, 10 mm length, 99.95%) (SurePure, USA) was snugly inserted in a
1.5-mm hole as shown in Figure 11-B. A 2 mm hole was drilled in the PEEK
cylinder and into the SS ring (~ 2 mm depth) as shown in Figure 11-C. The back side
of the Pt rod was connected to a brass connection rod (2 mm dia) using conducting
silver epoxy (Arctic Silver) (Figure 11-D) which in turn was welded to a female 2mm pin connector. The cavity of the working electrode was then filled with a slowsetting epoxy (Buehler, USA) (Figure 11-E). Electrical connection of SS counter
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electrode was made similarly using silver epoxy and brass connection rod (Figure
11-F). Finally, the facing of the SS cylinder, Pt rod and the PEEK body was
conducted using a bench-top lathe machine (Rochester, UK).

Figure 11: Construction steps of the combination working-counter electrode

2.2.3 Fabrication of 4-Ch Flow Cell for Conventional Electrode
The 4-Ch flow cell that accommodate the combination working-counter
electrode was constructed from 30-mm clear acrylic sheet. The cell layout and
dimensions are presented in Figure 12.
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Figure 12: The layout and dimensions of the 4-Ch cell for combination workingcounter electrode

The cell was based on a sandwich design. The cell base contained four
cylindrical cavities (16.3 mm dia and 14 mm depth) in which the combination
electrodes are inserted. Two holes were drilled through the base for the cylindrical
cavities for electrical connections of the working and counter electrodes,
respectively. Ten insert nuts (4 mm thread and 5.5 mm OD) were fixed in the bottom
side of the cell base as shown in Figure 13.
The cell cover contained also four cylindrical cavities, the bottom of which
contained the cell internal dead volume (0.35 mm depth) and the inlet and outlet of
the flowing solution. Three 1/16-32 threads were manually fabricated for each
channel. These threads were used for installing the silver wire (1/16” dia), flow inlet
and flow outlet, respectively as shown in Figure 14.
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Figure 13: The cell base top view (A) and bottom view (B)

Figure 14: The construction of the 4-Ch cell cover for combination electrode. Top
view (A); side view (B), bottom view (C) and the detailed geometry and flow
direction of one channel (D)
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The cell was assembled by placing the four-combination working-counter
electrodes installed in their respective cavities in the cell cover, which was held
upside down. Each electrode was secured with an O-ring (4 mm thickness, 16 mm
ID). Small O-rings (2 mm dia, 5 mm ID) were inserted through the connection rods
of the working electrodes before the cell base was connected. Ten 4-mm SS bolts
were used to fasten firmly the cell cover to the base. The assembled cell was shown
in Figure 15.

Figure 15: The assembled 4-Ch cell. (A) side view before connecting the inlet and
outlet tubings, and (B) top view with the four cells connected in series
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2.2.4 Fabrication of the Immobilized Enzyme Reactors (IERs)
Stainless rods (10 mm dia, 80 mm length) and PEEK (10 mm dia, 65 mm and
80 mm length) were used to construct the enzyme reactors. Axial holes (3.5 mm)
were drilled through each of them and a larger diameter hole (i.e., 5.5 mm dia and 9
mm depth) was drilled in each side of the reactor as shown in Figure 16. Threads (¼28) were created at each end using a manual threading tool (purchased from the local
market). The reactor body was then thoroughly washed with detergent and rinsed
with distilled water and finally with ethanol and dried with air stream.
The reactor was filled with a given type of the amino modified silica gel
which are retained at both ends with small cotton plugs. Two ¼-28 fittings (Kinesis,
UK) were used to connect the 1/16” PEEK tubing to the reactor. The silica gel was
activated with glutaraldehyde (GA) (5% w/w) in phosphate buffer (PB) pH 7.0 for
1.5 hours [37]. The GA solution was circulated through the reactor using a peristaltic
pump (Ismatic, Cole Parmer) at flow rate ~ 1 mL/min. The reactor was then
thoroughly washed with PB pH 7.0 for one hour at flow rate ~ 1 ml/min. The desired
amount of a given enzyme lyophilized powder was accurately weighed and dissolved
in ~10 mL PB pH 7.0 and circulated through the reactor for 1.5 hour using the
peristaltic pump. Finally, the reactor was washed with PB pH 7.0 for 30 min to
remove the unbound enzyme. The IER was kept in the fridge at 4 oC when not in use.
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Figure 16: The construction of the IER. The details of the threaded ends and the axial
hole (A) and the assembled IER (B)

2.3 Apparatus
All amperometric measurements, cyclic voltammetry (CV) experiments, and
electrodeposition were carried out using a μStat 8000 Multi Potentiostat/Galvanostat
from DropSens. μStat 8000 is controlled by the powerful software “DropView 8400”
which allows plotting of the measurements and performing the analysis of results. pH
measurements were made using a combination glass electrode and a Thermo-Orion
pH/mV meter. A Shimadzu LC-20AD Prominence HPLC Pump and a UHPLC
injectors from Valco Instruments Co. Inc. (VICI) was used in the flow injection
system. A digital circulating water bath (Julabo, Model EC-5, Germany) was used
throughout for temperature control. All batch experiments were carried using the
three-electrode electrochemical cell configuration for each cell.
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The experimental setups used in direct amperometric FIA measurements of
hydrogen peroxide and the FIA measurement based on IERs are shown in Figures 17
and 18, respectively.

Figure 17: The experimental setup for used in the direct amperometric FIA
measurements of hydrogen peroxide

Figure 18: The experimental setup for used in FIA measurements based on IERs
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To eliminate the noise in the experimental setup and sparks in the currenttime plots, the entire system components were connected to a common ground bus
which is grounded at one single point as shown in Figure 19.

Figure 19: Ground Bus of the experiment setup

2.4 Flow Injection Analysis
The flow-injection-analysis (FIA) setup used for the simultaneous
determination of n-components was constructed as shown in Figure 20. A carrier
solution (0.1 M PB pH 7) was propelled through the system at the desired flow. After
amperometric baseline stabilization, 100 µL samples were injected at adequate
frequency to allow th completion of the tandem response for each sample. The peak
height for each component was used as basis for quantitative analysis.
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.
Figure 20: Schematic diagram of the FIA experimental setup for the determination of
samples containing n-components (n=3 in this specific representation)
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Chapter 3: Results & Discussion
The novelty statement of the proposed work was mainly attributed to the
suggested arrangement of the 2n-1 IERs, in such a way that n IERs were loaded with
individual oxidases and n-1 reactors loaded with catalase enzyme. This system
should allow direct determination of n-components (which are the substrates of the
n-oxidases immobilized in n-IERs), in a given sample, by single sample injection.
The anticipated tandem response (i.e., n peaks) could have been evaluated to prove
the hypothesis of the present work by means of a commercial multi-channel flow cell
equipped with appropriate electrodes for hydrogen peroxide amperometric detection.
The first and most immediate obvious option was the screen printed
electrodes (SPEs) along with their commercial flow cell (FC) due to several
advantages. These include: (i) available at low cost; (ii) suitable candidate for multichannel version due the small integrated nature of the working, counter and reference
screen printed electrodes which otherwise would necessitate 12 conventionally sized
working, counter and reference electrodes to construct, e.g., a four channel cell and
each channel is based on a 3-electrode configuration; (iii) available commercial
single-channel flow cell for SPEs with really small dead volume which could be
connected in series to provide the needed number of detectors to construct and
evaluate the analytical validity of the proposed system.
3.1 Evaluation of the Commercially Available SPEs and Flow Cell
Several types of SPEs for hydrogen peroxide detection were advertised by
DropSens these include Pt, mesoporous carbon, carbon nanotube, co-phthalocyanine
and Prussian blue modified working electrodes. Preliminary testing of theses
electrodes revealed that their response to hydrogen peroxide is neither sensitive nor
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stable as advertised. The most promising SPE was that based on Pt working and
counter electrodes and silver pseudo reference.
The Pt SPEs were used to critically evaluate the performance of the
commercial flow cell from DropSens. Although the commercial FC offered the
advantages of convenient electrode replacement due to the hinge-magnet design and
the small dead volume, unfortunately the commercial FC suffered from several
serious limitations. These include: (i) inadequate leak proof; (ii) amenable to
frequent bubble formation; (iii) the SPEs protruded from the cell body for electrical
connection to a heavy cable which cause very frequent electrode breaks due to any
tiny perpendicular force and finally (iv) the shredded part of SPE broken inside the
cable was very difficult to remove and hence losing the entire relatively expensive
cable, (v) the leaked buffer carrier solution enter directly into the cavity of the
electrical cable and short circuit the electrodes and ruined a given experiment and
corrode the cable connectors in a matter of few days.
The disappointing outcome of the evaluation of the commercial FC prompted
the development of custom FC to avoid all the problems encountered with the
commercial FC. Despite, developing FC for SPEs with specific characteristics could
have been a demanding project in its own, it was a necessity in the present work to
save the appealing option of using the SPEs as multi-channel amperometric detectors
as described above.
3.2 Development and Evaluation of a 4-Channel Flow Cell for SPEs
The FC development was accomplished through several iterations and
improvements. The FC was constructed from clear acrylic to allow visual inspection
of the SPE vicinity for any trapped air bubbles or changes in the electrode
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appearance. The major improvements of the FC performance were obtained from
two main modifications. First, increasing the size of the O-ring (i.e., 3 mm ID, 15
mm OD) and concomitant replacement of the magnet-hinge design with a pair of SS
bolts and nuts which provided adequate force to efficiently seal the cell cavity.
Second, the problem associated with the connecting cable were perfectly eliminated
by utilizing the pogo-pins, spring-loaded connectors which proved as easier, safer
and more practical substitute for the DropSens cables.
The developed FC design expanded to a 4-channel format as shown in section
2.2.1. This cell was tested with 4 Pt SPEs for hydrogen peroxide detection. The four
channels were connected in series and the obtained results were presented in Figure
21. The flow cell was perfectly sealed and no leak issues were encountered with the
developed flow cell. Despite the variations between the individual SPEs sensitivities,
the observed sensitivity (peak height) was in the order Ch 1 > Ch 2 > Ch 3 > Ch 4.
This order was attributed to the progressive in-line sample dispersion. This was also
observed as more peak broadening. However, all channels exhibited linear response
to H2O2 as shown in Figure 21(B). The regression coefficients (R2) were 0.9979,
0.9980, 09945 and 0.9989 for channel 1, 2, 3, and 4, respectively. The chloride
content in H2O2 samples was matching the PBS carrier solution to avoid fluctuations
in the pseudo reference potential.
The response stability of Pt-SPE was evaluated by series of H2O2 injections
(n = 24) and the obtained results were presented in Figure 22. The sensitivity
decreased by 15% over a period of 7000 seconds of continuous operation. This loss
in sensitivity could be partly attributed to (i) the stability of the H2O2 standard of
such relatively low concentration. (ii) Given the disposable nature of SPEs, such loss
in sensitivity could be judged as acceptable.
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Figure 21: The amperometric response of 4-Pt SPEs to H2O2 injections in the 4channel cell where all channels connected in series (A). Applied potential 0.6 V; 100
µL Sample loop; PBS pH 7.0 carrier solution flow rate 0.5 mL/min. The peak height
plot against H2O2 concentration (B)
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Figure 22: Amperometric response stability of Pt-SPE to 0.12 mM H2O2 injections.
Rest of conditions are similar to those in Figure 21

To enhance the signal stability, the Pt-SPE was coated with an additional
layer of electroplated platinum using the platinum plating bath (Gold Solutions, UK)
at 40 mA for 2 min. The response the platinum plated – SPEs in the 4-Ch cell to
H2O2 was presented in Figure 23. The increased current response up on additional Pt
plating was compromised by the increased noise level.
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Figure 23: The amperometric response of 4-platinum plated Pt-SPEs to H2O2
injections in the 4-channel cell where all channels connected in series. Rests of
conditions are similar to those in Figure 21

To further explore the possibility of enhancing the response characteristics of
SPEs, gold SPEs were also tested as potential substrate for platinum electroplating.
Gold substrates were selected for three reasons: (1) visual judgment on the
completeness of the electroplated bright platinum layer on the yellow gold substrate,
(2) Two different types of gold SPEs are available from DropSens which could
provide different final properties, (3) the prior experience of straightforward
electrodeposition of bright adherent platinum layer on gold substrates [22].
Gold SPE from DropSens were designated as AT (high temperature ink) and
BT (low temperature ink) which have a darker and a rougher surface. Both AT and
BT electrodes were electroplated using the commercial Pt electroplating solution (20
mA for 2 min) to electroplate the screen printed gold working and counter electrodes.
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The amperometric response to H2O2 for AT-Pt and BT-Pt electrodes were
shown in Figures 24 and 25, respectively. showed higher sensitivity than the AT-Pt
electrodes. Whereas the results of the response stability of At-Pt and BT-Pt were
presented in Figures 26 and 27, respectively. The highest response stability was
obtained with BT-Pt SPEs and this could be explained by the rough surface of the
BT-SPEs which imparted higher adhesion of the electroplated Pt layer to the surface
of the gold electrodes.
Generally, the SPEs were easy to use in combination with the developed 4channel flow cell and offered adequate sensitivity and acceptable stability. However,
more efforts were spent to develop additional 4-channel flow cell but to
accommodate conventional electrodes which could provide higher sensitivity and
stability needed in the aimed demanding application.
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Figure 24: (A)The amperometric response of 4-platinum plated AT SPEs to H2O2
injections in the 4-channel cell where all channels connected in series. (B) The peak
height plot against H2O2 concentration. Rest of conditions are similar to those in
Figure 21
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Figure 25: (A)The amperometric response of 4-platinum plated BT SPEs to H2O2
injections in the 4-channel cell where all channels connected in series. (B) The peak
height plot against H2O2 concentration. Rest of conditions are similar to those in
Figure 21
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Figure 26: Amperometric response stability of AT-SPE to 0.12 mM H2O2 injections.
Rest of conditions are similar to those in Figure 21

Figure 27: Amperometric response stability of BT-SPE to 0.12 mM H2O2 injections.
Rest of conditions are similar to those in Figure 21
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3.3 Development and Evaluation of a 4-channel Flow Cell for Conventional
Electrodes
The essential design requirement of a FC that accommodates SPE is
relatively obvious, i.e., sealing of the three screen printed electrodes (We, CE, and
RE) which is typically achieved by means of a single O-ring. Contrary to that,
individual conventionally sized electrodes would require individual sealing which
complicates the cell design. A 4-channel cell for example is expected to
accommodate a total of 12 electrodes (4 WE, 4 CE and 4 RE) and the immediate
design would expect at least 12 O-rings to seal the electrodes only. Such large
number of O-rings will not only complicate the electrode change but also will
unavoidably increase the cell dead volume and the leak vulnerability.
Two solutions were introduced to simplify the cell design and to achieve the
needed strict requirements of leak tightness and minimum dead volume. First, the
reference electrodes were made of 1/16” silver wire which acted as pseudo reference
electrodes. In principle, such silver wire could be integrated directly to the cell body
(either by snugly insertion in a hole, or epoxy glued or through adequate threaded
fittings) to eliminate the need for O-rings and to minimize the leak risk and the
overall cell size and dead volume. Second, the working and counter electrodes are
integrated in a single shaft to eliminate the need for another 4 O-rings. Such
integrated Pt disc electrode with a counter electrode are not commercially available.
Therefore, such dual electrodes were custom fabricated as described in section 2.2.2.
The large SS ring served as counter electrode and the integrated shaft was
conveniently sealed by means of an O-ring (16 mm ID, 24 mm OD).
The presented cell design offered the advantages of very small dead volume
and leak proof up to 40 bar. Such high cell tightness and high pressure ratings were
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attributed to: (i) reduced number of O-rings; (ii) large O-ring size (i.e., 4 mm thick);
(iii) sandwich design where the cell cover and based are held together with ten 4-mm
SS bolts; (iv) both cell cover and base were machined from 30-mm thick acrylic
sheet which provided adequate strength; and (v) the high pressure rating of the 1/16”32 inlet and outlet fittings.
Compared to the SPEs, the presented WE-CE combination shafts offered the
advantage of longer operational stability and reusability. The amperometric
responses to H2O2 of the 4 channels at three different carrier flow rates (i.e., 1.0, 1.5
and 2.0 mL/min) were presented in Figures 28-30. Linear relationships between the
peaks heights and the H2O2 concentration were obtained at all tested flow rates. The
regression coefficients ranged from 0.9905 to 0.9998. The time from the appearance
of the first peak (Ch 1) till the baseline recover the last peak (Ch 4) for FR 1.0, 1.5
and 2.0 mL/min were 90, 70, and 43 s, respectively. The fast response and recovery
times for the four channels (connected in series) was attributed to the careful design
of the cell to keep the dead volume to the minimum. As expected the peak height
progressively decreased from Ch 1 to Ch 4 which was attributed to more sample
dispersion as it moves from one channel to the next. As shown in Figure 28-30 (B).
However, the extent of progressive dispersion was slightly decreased as the flow
rates increased. The signal stability estimated by calculating the coefficient of
variation (CV) for 13 sample injections (over a period of 1600 s) at 1.0 mL/min for
Ch 1, 2, 3, and 4 were 1.64, 1.11, 1.14, and 2.04, respectively.
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Figure 28: The amperometric response of the 4-ch flow cell equipped with 4 WE-CE
electrodes to H2O2 at carrier flow rate 1.0 mL/min (A). The insert in (A) shows the
linear plots of the peak height’s vs H2O2 concentration. The response peaks to 75
µM H2O2 only are shown in (B). Applied potential 0.7 V and injection loop size 100
µL
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Figure 29: The amperometric response of the 4-ch flow cell equipped with 4 WE-CE
electrodes to H2O2 (A) at carrier flow rate 1.5 mL/min. The insert in (A) shows the
linear plots of the peak heights vs H2O2 concentration. The response peaks to 75 µM
H2O2 only are shown in (B). Rest of conditions are similar to those in Figure 28
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Figure 30: The amperometric response of the 4-ch flow cell equipped with 4 WE-4
WE-CE electrodes to H2O2 (A) at carrier flow rate 2.0 mL/min. The insert in (A)
shows the linear plots of the peak height’s vs H2O2 concentration. The response
peaks to 75 µM H2O2 only are shown in (B). Rest of conditions are similar to those
in Figure 28
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3.4 Evaluation of the Proposed Multi-Reactor FIA System
3.4.1 Selection of the Immobilization Supporting Beads
The Controlled Pore Glass, aminopropyl modified beads which have been the
standard choice for enzyme [23], [24] was unfortunately discontinued by the
supplier. Therefore, the available alternatives were tested and used in the present
work. Amino-functionalized silica gel (75-200 µm particle size), aminofunctionalized silica gel (40-75 µm particle size) from Supelco, and 3-aminopropylfunctionalized silica gel (40-63 µm particle size) from Aldrich were labeled as B1,
B2 and B3, respectively. Three reactors were packed with B1, B2 and B3 and
activated with glutaraldehyde and loaded with glucose oxidase. These IERs were
labeled as R1, R2 and R3, respectively. The amperometric responses to glucose
injections obtained with R1, R2 and R3 were presented in Figures 31-33,
respectively.
The obtained sensitivities were in the order of R3>R2>R1. Whereas the
linearity was in the order of R1>R3>R2 as shown in Figure 3.14. The observed
differences were attributed to different particles sizes and the amine loading. On
average, a given individual reactor exerted a back pressure of approximately 4 par.
The particles labeled B3 was selected because of the highest sensitivity despite of the
lower linearity (compared to B1) and was used in the preparation of all subsequent
IERs.
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Figure 31: The amperometric peak response to glucose injections (100 µL) obtained
with R1 at carrier flow rate 2.0 mL/min. Applied potential 0.7 V

Figure 32: The amperometric peak response to glucose injections (100 µL) obtained
with R2 at carrier flow rate 2.0 mL/min. Applied potential 0.7 V
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Figure 33: The amperometric peak response to glucose injections (100 µL) obtained
with R3 at carrier flow rate 2.0 mL/min. Applied potential 0.7 V

Figure 34: Calibration plots of the peak heights vs the glucose concentration for
obtained with R1, R2 and R3, respectively at the conditions similar to those
described in Figure 31
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3.4.2 Evaluation of the Efficiency of the Catalase IER
The proposed scheme for multi-analyte determination relies on the idea that a
catalase IER placed immediately after a given detector (D) would decompose the
H2O2 produced in an IER for a given substrate (e.g., glucose) inserted upstream to
the detector (D). To proof the efficiency of the prepared catalase IER, a simplified
setup was constructed as shown in Figure 35. Series of glucose injections of 1, 2 and
3 mM were injected and the response of ch 1 and ch 2 were recorded. The obtained
results were presented in Figure 36. The catalase IER proved efficient to decompose
the generated H2O2 in the glucose-IER (and detected in Ch 1) since no any detected
response was recorded in Ch 2 even at the highest tested glucose concentration.
Therefore, in all subsequent work it will be safe to assume that the any generated
H2O2 will be efficiently decomposed by a catalase reactor after the detection step.

Figure 35: Experimental setup to evaluate the efficiency of catalase-IER to
decompose the generated H2O2in glucose-IER
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Figure 36: The amperometric response to glucose injections before (Ch 1) and after
(Ch 2) the catalase-IER

3.4.3 Evaluation of a Three-Component Mixture (Pyruvate-Lactate and
Glucose)
The validation of the proposed approach for multi-analyte determination by a
single sample injection was first attempted using clinically important three
biochemicals, i.e., pyruvate [56], lactate [57], and glucose [58]. For each of these
selected biochemicals there is a commercially available oxidase enzyme at
reasonable cost per unit activity which is necessary to generate hydrogen peroxide as
a signal molecule, equations [3.1-3.3].
𝐺𝑙𝑢𝑜𝑐𝑠𝑒 𝑂𝑥𝑖𝑑𝑎𝑠𝑒

𝐷 − 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 𝑂2 →

𝐿𝑎𝑐𝑡𝑎𝑡𝑒 𝑂𝑥𝑖𝑑𝑎𝑠𝑒

𝐿 − 𝐿𝑎𝑐𝑡𝑎𝑡𝑒 + 𝑂2 →

𝐷 − 𝐺𝑙𝑢𝑐𝑜𝑛𝑖𝑐 𝐴𝑐𝑖𝑑 + 𝐻2 𝑂2

[3.1]

𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 𝐻2 𝑂2

[3.2]

𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 𝑂𝑥𝑖𝑑𝑎𝑠𝑒

𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 𝑂2 + 𝑃𝑂43− →

𝐴𝑐𝑒𝑡𝑦𝑙𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 + 𝐶𝑂2 + 𝐻2 𝑂2

[3.2]
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The positions of the analytical IERs in the analytical system (Figure 20)
could, in principle, be in any order. However, certain limitations can affect the
selected order of the IERs. For example, the most active IER is recommended to be
placed downstream since its high activity can compensate for the high dispersion,
and vice versa. Other limitation could be that the product of given enzyme reactor
acts as substrate for the enzyme in the following IER. For example, placing the
lactate-IER in a given channel will not only produce H2O2 as a signal molecule but
also will produce pyruvate which will generate signal in a following pyruvate-IER.
Therefore, pyruvate-IER must be placed upstream to the lactate-IER. The
configuration of the five IERs to analyze these three specific biochemicals was
shown in Figure 37.

Figure 37: The configuration of the five IERs used in the determination of pyruvate,
lactate and glucose mixtures
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Individual pyruvate, lactate and glucose solutions of different concentrations
were injected and the obtained amperometric peak responses were shown in Figure
38. As expected, a single peak was obtained for such single-component samples at
the designated channel. It is important to emphasize that during pyruvate injections
and the appearance of the corresponding peaks in Ch 1, no signals were observed in
Ch 2 or Ch 3. Similarly, during the lactate and glucose injections, only Ch 2 and Ch
3 were active, respectively and the other channels were showing the baseline.
The total backpressure exerted by the five IERs was 21 par. To the author’s
best knowledge this is the first report on high pressure amperometric 4-channel flow
cell.

Figure 38: The amperometric peak response to individual pyruvate, lactate, and
glucose sample injections (100 µL). The four injected concentrations for each are
0.5, 1.25, 2.5 and 5 mM. PB carrier flow rate 2.0 mL/min and applied potential 0.7 V
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Finally, three mixtures of pyruvate, lactate and glucose of variable ratios were
prepared and injected to check the cross-talk between the channels and the obtained
results were shown in Figure 39. The results revealed impressive specific responses
from Ch 1, Ch 2, and Ch 3 to pyruvate, lactate and glucose, respectively, regardless
of the concentration of the other two species, i.e., no cross-talk between channels was
observed to any extent.

Figure 39: The amperometric peak response to mixtures of pyruvate, lactate and
glucose mixtures of variable composition ratios
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Chapter 4: Conclusions
In this thesis the Commercial SPE-flow cell was not suitable for the intended
high-pressure application and the developed SPE-flow cell offered major advantages
over the commercial cell. These include: (i) high pressure rating and (ii) easier, safer
and practical connectors.
First report on 4-Ch amperometric flow cell for conventional electrodes and
the developed 4-Ch flow cell for conventional sized electrodes proved excellent
pressure rating (up to at least 30 par). Also, the validity of the proposed analytical
scheme was confirmed using five IERs to analyze 3 clinically important
biochemicals.
The presented analytical system should pave the road for future extensive
applications for various related chemical species such as (i) pyruvate, sialic acid, and
bound-sialic acid; (ii) creatinine and creatine; and (iii) lactose and glucose, etc.
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